were excluded. This step removed genes with very weak or dubious expression levels ‫%04ف(‬ of the transcripts). Second, we required the difference between the highest 3 Correspondence: rosbash@brandeis.edu
and lowest of the six time points (each time point was
Cycling Genes with Related Functions Although approximately 25% of the remaining 128 genes averaged over 3-5 experiments) to be statistically significant. In other words, the difference between the mean possess no predictable function, two striking features are apparent for most of the list (Table 2 and Supplemenaverage difference values for the high and low time points (for each series of replicates) was larger than the tal Table S2 ). First, there are several groups of genes with similar functions, many of which are reasonable standard error of the two time points. In practice, those genes that did not have a change factor quality above from a circadian point of view. These include relatives of mammalian detoxification enzymes such as the cyto-1 were excluded. Third, a difference of at least 1.5-fold was required between the highest and lowest values of chrome P450 genes, short chain dehydrogenases/ reductases, and UDP-glucuronosyltransferases (Brierthe 6 time points. This is almost equivalent to requiring a cycling amplitude of 50%. Fourth, we derived crossley and Burchell, 1993; Meyer, 1996; King et al., 2001) ( Table 2 ). This is reminiscent of the large number of correlation coefficients between the curves generated by the 6 time points and differently phased cosine waves circadian gene products in mammalian liver (Kornmann et al., 2001 ). Much of this gene expression may originate with 24 hr periods. We excluded genes that did not have a correlation coefficient greater than 0.9. These criteria in the fat body, which is present in "heads" as commonly prepared. Several of the genes have a proposed function resulted in a total of 134 circadian genes with a variety of different predicted phases (Supplemental Figure S1 Table  S1 at http://www.cell.com/cgi/content/full/107/5/567/ (Hovemann and Sehlmeyer, 1997; Wang et al., 1999). Indeed, Drosophila antennae have been shown to harbor DC1). Immediately validating this approach was the observation that all of the known major Drosophila cycling a circadian clock and the circadian cycling of these mRNAs might contribute to the reported oscillations genes (per, tim, vrille (vri), clk, cryptochrome (cry), and takeout) were included in this list. The mRNA plots are of electrophysiological responses to olfactory stimuli (Krishnan et al., 1999) . There are gene families involved consistent with previously published biochemical data ( Figures 1A and 1B) . Impressively, four of these six genes in two aspects of ligand binding: these genes are proposed to convey nutritional information (takeout family) (per, tim, vri and clk) were among the top ten, when the list of 134 was sorted by fold-change, i.e., a measure and to effect tocopherol (anti-oxidant) transport, which may be important in cell signaling or detoxification approximately equivalent to cycling amplitude (Table 1) . There are three genes that function in cuticle formation, which is reminiscent of the through common cis-acting elements (e.g., E boxes). circadian cycling of adult cuticle deposition observed in some insects (Saunders, 1982) . Intriguingly, we may have
Analysis of Clk Mutant Flies found a connection between immunity/host defense and
To examine the cycling mRNAs in a behaviorally arrhythcircadian rhythms, by identifying immune deficiency mic genetic background, we entrained clock mutant Clk (imd), u-shaped (ush) and acetylated low density lipoproflies and isolated mRNA from two time points (CT4 and tein receptor (ldlr) as cycling genes (see Discussion). CT16) during the first day in DD. This experiment was There are also genes of known or suspected function, repeated and the data averaged for the two trials. Renot previously identified as under circadian control in markably, all of the cycling genes that show differences any system. Although these are of great potential interbetween these two time points failed to manifest circaest, we can only speculate about their contribution to dian cycling in this mutant background. Most of the circadian rhythms (see Discussion and Table 2 ). mRNA levels were high or low whereas a few were intermediate (Tables 1, 2, and Supplemental Tables S1 and  S2) . Consistent with previously published data, all of the Chromosomal Clustering of Cycling Genes with Related Functions suspected direct targets of CLK (per, tim, vri) had low mRNA levels in the Clk background. The two genes (clk The second striking feature is that many of the genes with similar function cluster together within the same and cry) previously reported to have high and constant mRNA levels by biochemical criteria in the Clk backchromosomal region (Table 2 and Supplemental Table  S2 ). This includes the 2 cytochrome P450 genes and ground have high levels in the microarray assay. The failure to maintain circadian cycling in this background UDP-glucuronosyltransferases mentioned above. The takeout ligand binding family is a second example of is consistent with the notion that clk sits at the top of the circadian regulatory network; in the absence of this phenomenon. These six genes are divided into a group of three adjacent genes, a pair of adjacent genes functional CLK protein, the entire circadian program is shut down. We also conclude that there are no clkand one singlet; all six genes manifest circadian cycling (Figure 2, Table 2 , and Supplemental Table S2 ). Another independent circadian oscillators in the fly. In addition to the lack of cycling transcripts in Clk cluster is the contiguous family of three trypsin-like serine proteases at 88B3 (Supplemental Table S2 ). Of these flies, there are two additional, striking features of the data. First, there are an even larger number of noncycling three genes, CG9645 and CG9649 share the highest sequence similarity to each other and then to CG9631. genes with altered levels in this background. The application of stringent criteria indicates there are 267 Clk-PSI-BLAST was used to find significant members based on a position-specific matrix score (Altschul et al., 1997).
regulated genes, and a more relaxed criterion indicates that there could be as many as 363 Clk-regulated genes After 5 iterations, the 3 genes each most closely resemble mammalian plasminogen. The third cluster is largely (Supplemental Figure S1 , panel B, and Supplemental Table S1 ; see Experimental Procedures). 80% of these undescribed and comprises five members that all cycle with the same phase. They are grouped into two adjanoncycling mRNAs are more abundant in the Clk background, and 20% are less abundant. This list of genes cent pairs and one single gene (Figure 2 , and Supplemental Table S2 ). All five belong to a 22-member gene should contain direct clk-targets with mRNA half-lives too long to support high-amplitude mRNA cycling. It family cluster localized to 96C6-96C7 ‫06ف(‬ kb). These 22 genes belong to an even larger 34-gene family, all of should also contain genes affected only indirectly by CLK-CYC. Indirect targets would include genes that are which contain one or more conserved regions known The 134 cycling genes were examined for probable function, using BLAST, PubMed literature searches, and predicted functions for conserved domains. Only the genes with predicted functions are shown; the remaining ‫%52ف‬ are shown in Supplemental Table S1 . The Flybase ID, map position, phase of peak mRNA expression and levels in Clk flies are shown.
influenced by transcription factors like VRI, themselves hormone genes, corazinin and capability. There are five odorant binding proteins and four pheromone binding direct targets of CLK-CYC, as well as genes that are even more indirectly affected by the clock system. The proteins, which also have members in two additional clusters. Lastly, there are a large number of immunity latter category might include genes affected by developmental abnormalities due to the Clk mutation.
genes affected by the clock mutant (Table 3) . Pathogen recognition molecules and almost all known members Almost all the genes of obvious interest by sequence are in the first, more stringent set of clk-regulated genes of the imd pathway of immunity genes constitute the majority of this list. Interestingly, all but one family of (Table 3) . These include two more neuropeptide-modulating enzymes, which belong to the neprilysin family microbial resistance peptides (genes activated mainly through the imd pathway) are upregulated, including of peptidases, as well as two additional neuropeptide Figures 4A and 4B) . Six cycle in CS flies and are low in Clk flies (Table 4) . They fulfill all of the criteria to see below), which validate this approach. They also in- . These results indicate that Drosophila has no clk-independent circadian system. A previous study that relatively few of the 134 cycling genes express peak mRNA levels in phase with the known direct CLK targets, of diapause in this organism suggested that a noncanonical circadian system may exist (Saunders et al., 1989; per, vri, and tim. Therefore, the vast majority of Clkregulated genes are probably indirect target genes. Saunders, 1990) . If so, it is not apparent from this analy- The putative direct targets are depicted by Flybase ID, a general description, probable function, map position, and corresponding data from the fly microarrays. sticky ch1-1 and sticky ch1-2 are different probe sets for the sticky ch1 gene. One probe set for sticky ch1 (sticky ch1-1) was not detected in head mRNA, reflecting perhaps some tissue-specific regulation. , 1999) . Finally, our data indicate some transcripts. For example, pdp1 was excluded due that most of the clk-regulated genes are only indirectly to a small increase at CT0, which precluded an acceptregulated by CLK, suggesting that a transcriptional casable correlation with the cosine curve ‫8.ف(‬ at a peak cade makes a major contribution to the genes and phephase of 12). However, there are three indications that notypes under clk-control.
it is a bona fide cycling gene: pdp1 scores as a direct We chose to examine mRNA cycling during the first target in the S2 cell assay; it shows significant 2-fold day in constant darkness, to avoid light-regulated genes cycling ( Figures 4A and 4B) ; pdp1 mRNA levels fail to and to minimize the impact of damping. It is known that cycle and are very low in Clk flies. sticky ch1, another many circadian features weaken as a function of time direct target, was also excluded from the cycling list, in in constant darkness. In flies, only the lateral neurons this case because its standard error at CT16 was too appear to escape this phenomenon (Yang and Sehgal, large. It also meets all other criteria. Based on these 2001). In principle, the first day in DD should maximize two examples, we manually examined all of the genes the signal-to-noise ratio for circadian mRNA cycling.
with altered mRNA levels in the Clk background; alCoupled with our strict selection criteria, we are confithough there were many additional genes with low dent that most if not all of these are bona fide circadian (Ͻ1.5-fold) amplitude cycling, pdp1 and sticky ch1 were clock-controlled genes. However, it is likely that this set the only obvious head-expressed genes above this of 134 genes, representing 1% of the current Drosophila threshold ( Figure 4B ). genome estimate, is incomplete. For example, mRNAs Some of the probe sequences could also preclude the that oscillate in tissues other than "heads" will not have identification of bona fide circadian genes. For example, been identified in this study. These transcripts may not there exist 3 tim probe sets on the GeneChip: 142154_at, be present in heads, have too low an abundance to be 151484_i_at, and 151485_s_at. The results for each detectable or have a long half-life in head mRNA. The probe set are reproducible yet show substantial differuse of total RNA for probe preparation may have exacerences. Although probe sets 142154_at and 151485_s_at bated this problem, but we obtained more reproducible display similar mRNA accumulation profiles, the signal results than with polyA ϩ mRNA (data not shown), and intensities are very different (data not shown). Moreover all of the major cycling genes were easily detected. the signal intensity for the 151484_i_at probe set is well Consistent with the notion that there are a larger number below the threshold for reliability. We do not know how of clock-regulated transcripts in Drosophila, the two A. many additional probe sets suffer from similar problems. thaliana microarray studies found 6% and 2% of genes 
